Two new chiral bis-bidentate, C2-symmetrical ligands belonging to the Chiragen family have been synthesised and characterised. They are designed for polynuclear self-assemblies since the two (À)-5,6-pinenebipyridines units are connected by bridges whose length and rigidity avoids the coordination of the bipyridine moieties to the same metal centre. The ligand L1 with a 1,4-dimethylene naphthalene bridge leads, by complexation with Ag(I) cations, to a polymeric, single stranded helix. The helical pitch contains five metal centers, two consecutive metal centers being connected by a bis-bidentate, helically wrapped ligand, one up and the other down resulting in a coordination number four. The chirality (K) around each metal centre is controlled by the six asymmetric carbons of the ligands and the homochirality of the metal centers gives rise to a P orientation at the helix level. The 1 H-NMR measurements of these species in solution indicate a temperature dependent behaviour pointing out possible equilibria between various [Ag n L n ] n+ fragments as confirmed by MS-spectroscopy. The ligand L2 with a 4,4 0 -dimethylene-1,1 0 -biphenyl bridge reacts with Ag(I) and lead to well resolved and temperature independent 1 H-NMR spectra suggesting the formation of a circular helicate.
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Introduction
Introduced in 1992 as bidentate ligands for diastereoselective synthesis of mononuclear d metal complexes [1] , the 5,6 and 4,5 pinene bipyridine building blocks ( Fig. 1 ) and their derivatives, have seen a rapid development [2] . Indeed, many research groups worldwide are still synthesising new ligands and their metal complexes based on this pinene: bipyridine [3] , pyridine [4] or phenantroline [5] framework. The efficient chirality transfer from ligands to the metal center(s) prompted the obvious application of these molecules in asymmetric catalysis. Since 2007, some enantioselective reactions like: borlylation of CAH bonds [6] , alkynylation of 2-trifluoroacetyl imidazoles [7] , propargylation [8] , allylation [9] , cyclopropanation of alkenes [10] , ring opening of meso-epoxydes [11] , Strecker reaction [12] have been reported. Moreover, the impetuous development of the research in the field of multifunctional materials, opened up new potential applications of this class of ligands and their coordination compounds such us chiral sensors [13] , single-ion magnetic molecules [14] , redox responsive [15] , and mechanochromic materials [16] . Their ferroelectric/luminescent/non-linear optical properties revealed also an interesting potential for new materials [17] .
In supramolecular chemistry, pinene polypyridine ligands play an important role and have been used to form chiral molecules, like helicates [18] , complex squares [19] or molecular knots [20] in their enantiopure form. In the self-assembly of helicates, the so-called Chiragen ligands (they possess two building blocks connected via a bridge between the chiral carbons situated in the alpha position to the pyridine cycle) have made a primordial contribution.
Enantiopure, dinuclear, triple stranded helicates have been obtained with a ligand of 4,5-Chiragen type [21] . A 5,6-Chiragen ligand possessing a para-xylene bridge (L2 0 , Fig. 2 ) self-assembles with Cu(I) and Ag(I) cations circular helicates in solid state [22] and in solution [23] . The use of (À)-5,6-pinene bipyridine as coordinating unit in these Chiragen ligands ensures a complete stereocontrol at the metal centers (K) and the transfer of their chirality to the helical chains (P).
The type of cation plays an important role because for Cu(I) solely a hexanuclear monostranded helicate has been obtained both in solid state and in solution [24] . For Ag(I) also an http://dx.doi.org/10.1016/j.ica.2017.09.003 0020-1693/Ó 2017 Elsevier B.V. All rights reserved.
isostructural hexanuclear circular helicate has been obtained while in solution an equilibrium between hexa-and tetranuclear species has been demonstrated [23] . We have shown as well that chirality plays a crucial role in the self-assembly of these discrete supramolecular species. Indeed, the meso-form of the ligand L2 0 leads to polymers insoluble in common solvents [24] . Another decisive factor for obtaining supramolecular architecture(s) is the bridge. A 5,6-Chiragen ligand with an isomeric bridge (the metaxylene instead of paraxylene) gives mixtures of compounds [24] . When the bridge is replaced by a naphthalene derivative -the 1,5-dimethylene naphthalene (L1 0 , Fig. 2 ) -the self-assembly with Ag(I) cations yields in solid state a polymeric double stranded helix with an extended network of p-p interactions [25] .
Below we report the complexation results with Ag(I) ions and two new ligands having certain similarities with the previously reported L1 0 and L2 0 . The new ligand L1 has the same geometry and length as L2 0 but is ''bulkier" (because of the presence of the second aromatic cycle fused to the first) compared to L1 0 . The ligand L2 has a longer (with one phenyl) and a more flexible bridge than L2 0 because of the supplementary sigma bond between the two phenyl cycles. The ligands L1, L2, L2 0 have a C 2 axis parallel to the bridge while L1 0 has a C 2 axis perpendicular to the bridge.
Experimental part

Materials and methods
All the commercially available starting materials (SigmaAldrich) were of the best chemical grade and used without further purification. The THF was distilled from Na/benzophenone prior to use. The (À)-5,6 pinene bipyridine was obtained by published methods [1] . NMR spectra were recorded on a Bruker Advance DRX500 instrument. The MS spectra were recorded on Bruker FTMS 4.7T BioApex II while or VG Micromass 7070 (FAB), the CD spectra on a Jasco J-715 spectropolarimeter. The UV-Vis spectra have been measured on a Perkin Elmer Lambda spectrophotometer and the specific rotation angle on a Perkin Elmer MC 241 polarimeter. The numbering scheme for L2 is given in the Fig. 3 . The numbering scheme is the same for L1, with the exception of the bridge (see Fig. 4 ).
Ligand synthesis
The dibromo precursors: 1,4-bis(bromomethyl)naphthalene (yield 41%) and 1,5-bis(bromomethyl)naphthalene (yield 34%) have been synthesised following known procedures [26] . The ligands L1 and L2 have been obtained by standard procedures [27] . 
The synthesis of Ag(I) complexes
Both complexes have been obtained following the standard procedure [25] . Following the same procedure, but using for precipitation of the complex NBu 4 BF 4 or NaClO 4 instead NaPF 6 , the complex with L1 containing BF 4 À or CO 4 À counterions can be also obtained. J 15a,15b = 9.9 Hz), 1.36 (s, 6H, H (17) Table S1 contains crystal data, data collection and structure refinement details for the Ag (I) complex with L1. Table S2 contains crystal data, data collection and structure refinement details for ligand L2.
Results and discussion
The new ligands, L1 and L2, have been obtained following the procedure used to synthesise the ligands L1 0 and L2 0 , by reacting the corresponding dibromo dimethyl derivatives with the LDA deprotonated (À)-5,6-pinenebpy. Usual purification by column chromatography gave pure L2 in 25% yield. In the case of L1 it was very difficult to eliminate completely the product of direct oxidative coupling between two (À)-5,6-pinenebipy units (known also as Chiragen [0] [28] ), and the final yield decreased to 9%. Both ligands have been completely characterised. Their 1 H-NMR spectra are in agreement with the existence of a C 2 axis through the center of the bridge; the number of the signals being equal to half of the protons present in the ligand. Ligand L2 has also been characterised by X-ray analysis (Fig. 3) . In this structure, the two aryl rings of the biphenyl bridge are not coplanar, but are inclined to one another by 42.41(16)°. Both bipyridines are in the trans conformation, and as expected they too are not coplanar, with the pyridine rings being inclined to one another by 18.36(18)°( involving atoms N1 and N2) and 9.9(2)°(involving atoms N1 0 and N2 0 ). In the crystal, the molecules stack in a herringbone fashion but there are not significant intermolecular interactions present.
Complexation of L1 with Ag(I)
A stoichiometric mixture of Ag(CF 3 SO 3 ) and L1 dissolved in methanol was divided in 3 parts and each part precipitated separately with saturated methanolic solutions of different salts to obtain complexes with different counterions. Three off-white precipitates were obtained in excellent yields (97% for NaClO 4, 90% for NaPF 6 and 81% for Bu 4 NBF 4 ) which have the same behaviour in solution.
The Ag(I) complex 1 H-NMR spectrum in CD 3 CN solution (Fig. 4) shows broad but distinct signals at room temperature which are shifted to higher fields compared with the free ligand. The very poor solubility of the ligand L1 in acetonitrile gave an NMR spectrum with signals of very low intensity. However, as in the case of L1 0 [25] the chemical shifts are very similar with those observed in CDCl 3 . The signals are broad at lower temperature (À40°C). Nevertheless, upon heating to 50°C the signals become sharp, very well resolved. The C 2 -symmetry of the ligand is conserved and most of the peaks are shifted to higher fields compared with those for the free ligand. The signal of the pair of protons from the bridge (20) is strongly shifted in the broad-line spectrum at 25°C (kd = 0.9 ppm) and at 50°C (kd = 0.5 ppm) suggesting complete coordination to the metal center of all the bipyridine arms.
After many attempts, an X-ray structure analysis (see experimental part and supplementary information) was performed on fragile and weakly diffracting crystal, obtained by slow diffusion of diethyl ether into a concentrated solution of tetrafluoroborate complex in nitromethane. The crystal did not diffract significantly beyond 20°in 2h, probably due to the presence of the disordered anions and highly disordered solvent molecules, leading to a high R int value and large R-factor, hence the CIF has not been deposited in the CCDC crystallographic database (see Table S1 , supplementary information). However, the basic connectivity is clearly demonstrated and the presence of a single stranded polymeric helicate [Ag (L1)] 1 + is not a matter of debate (see Fig. 5 ). The asymmetric unit is composed of five Ag(I) ions and five L1 ligands, together with five BF 4 À anions and numerous molecules of disordered solvent. In the helix the ligands bridge consecutive homochiral (K) Ag(I) metal centers which have distorted tetrahedral geometry. The Ag-N bond lengths vary from 2.12(2) to 2.44(1) Å, while the chelate ring N-Ag-N angles, at the same metal center, vary from 69.3(12) to 72.9(6)°.
In the resulting enantiopure right-handed mono-stranded helix (P) an extensive p-p intrahelical stacking network is observed along the polymer between three aromatic rings of pyridine/naphthalene/pyridine belonging to three consecutive ligands. As seen in A very interesting parallel between the behaviour of these polymeric structures in solution can be also drawn. In both 1 H-NMR spectra, lowering the temperatures favours the broadening of all the signals. The difference is that for the complex with L1 at room temperature (RT) the signals are already broad and to obtain very well resolved signals an increase in the temperature of about 20°C is needed. For the complex with L1 0 all the signals are sharp and perfectly resolved at RT and the broadening is observed at lower temperatures (10°C). From this it can be inferred that fast exchanges are taking place between various oligomeric species in solution, faster compared to the NMR detection time and thus an average spectrum is observed. At lower temperature, these exchanges are slowed-down and the peaks are collapsing. Another hypothesis would be that circular helicates are formed at 50°C (for L1 complex) but at RT they are unstable and open to form the polymeric helicate. This hypothesis, put forward previously for the L1 0 Ag(I) complex [2] , appears to be more favoured here because of the formation of a single stranded helix (Fig. 6) .
But in this case, the L1 0 Ag(I) complex should be a circular helicate at RT and the crystallisation performed at RT, should have revealed (providing that the role of packing forces in the output of self-assembly in the solid state is not taken into consideration) circular, not polymeric helicates. Knowing the fundamental role of concentration in self-assembly processes, MS and CD measurements (made in solutions at least 10 times less concentrated , com- (De = À22 M À1 cm À1 at 296 nm), confirming the K configuration at the metal centers. The same observation is valid for the ES-MS spectra. The higher nuclearity species correspond to Ag 2 L 2 and Ag 3 L 3 fragments, indicating that the dilution favours decomposition into smaller fragments.
Complexation of L2 with Ag(I)
The reaction of equimolar amounts of L2 and silver acetate in methanol followed by the addition of NaPF 6 lead to the formation of a white precipitate in almost quantitative yield. The 1 H-NMR analysis (Fig. 7) of this precipitate shows, with no exception, sharp signals whose number (the half of the total hydrogens present in the ligand) indicates not only that all the ligands are equivalent but also that the C 2 -symmetry axis of the free ligand is conserved. Moreover, the important shifts towards higher fields of the hydrogens signals belonging to the bridge prove the bipyridine coordination to the metal. The spectrum does not change at lower temperature indicating the presence of a single, discrete molecular species. In similar concentration and temperature conditions, the ligand L2, whose paraxylene bridge has the same geometry but is one benzene cycle shorter, form two circular mono-stranded helicates, one hexanuclear (characterised also by X-ray analysis) and the other tetranuclear [23] . The equilibrium between these two species is dependent on concentration, temperature and pressure. We compared the MS spectra of the two compounds recorded at the same concentration (5 Â 10
. Signals corresponding to di, tri, tetra and pentanuclear fragments have been observed for the L2 complex while for the L2 0 complex also hexanuclear fragments have been observed. However, in the absence of an ultimate proof given by X-ray analysis, considering also their high symmetry, is difficult to make assumptions about the nuclearity.
The stability demonstrated by the, most probably, Ag(I) circular helicate with L2, and the fact that L2 0 leads to two discrete circular helicates, prompted us to test them in a so-called ''ligand selfrecognition" experiment. This homo-recognition in self-assembly processes signifies that different ligands do not mix-up by coordination and the supramolecular structures specific for every ligand are formed without significant disturbances due to the presence of various ligands in the system. Using the same synthetic protocol as before but with 0.5 eq. of L2, 0.5 eq. of L2 0 and 1 eq. of Ag + we obtained an off-white precipitate whose 1 H-NMR spectrum resembles that of two superposed spectra of the helicates synthesised separately (Fig. 8) . Some peaks are shifted, two signals corresponding to the hydrogens 1 and 2 of the hexanuclear/tetranuclear helicate with L2 0 are broadened. These observations indicate that some exchange in solution is taking place. The ES-MS spectrum confirms the self-recognition, the large majority of the signals belonging to the homoleptic compounds.
Conclusion
We have reported here further evidence concerning the fundamental role of the bridge in the self-assembly processes involving enantiopure 5,6 -Chiragen type ligands and metal cations, here the Ag(I). It was demonstrated that subtle modifications of the bridge lead to different, discrete or polymeric supramolecular architectures. Ligand L2 (4,4 0 -dimethyl--1,1 0 -diphenyl bridge), gave one discrete species in solution, most probably a circular helicate, but not a mixture of two helicates with different nuclearities as was the case for ligand L2 0 (para-xylene bridge). Ligand L1 (1,4-dimethyl-naphtatlene bridge) lead to a polymeric helicate like its structural isomer L1 0 (1,5-dimethylene naphthalene bridge) but with two significant differences in the structure: it possesses one strand (not two) and the helical pitch contains five [AgL1] units (not six as in the case of silver complex with L1 0 ). 
